The porcine conceptus undergoes rapid differentiation and expansion of its trophoblastic membranes between Days 11 and 12 of gestation. Concomitant with trophoblast elongation, production of conceptus estrogen, the porcine embryonic pregnancy recognition signal, increases. Conceptus attachment to the uterine surface epithelium starts after Day 13, initiating epitheliochorial placentation. To analyze the transcriptome changes in the endometrium in the course of maternal recognition of pregnancy, deep sequencing of endometrial RNA samples of Day 12 pregnant animals (n ¼ 4) and corresponding nonpregnant controls (n ¼ 4) was performed using RNA sequencing (RNA-Seq). Between 30 000 000 and 35 000 000 sequence reads per sample were produced and mapped to the porcine genome (Sscrofa10.2). Analysis of read counts revealed 2593 differentially expressed genes (DEGs). Expression of selected genes was validated by the use of quantitative real-time RT-PCR. Bioinformatics analysis identified several functional terms specifically overrepresented for upregulated or down-regulated genes. Comparison of the RNA-Seq data from Days 12 and 14 of pregnancy was performed at the level of all expressed genes, the level of the DEG, and the level of functional categories. This revealed specific gene expression patterns reflecting the different functions of the endometrium during these stages (i.e., recognition of pregnancy and preparation for conceptus attachment). Genes related to mitosis, immune response, epithelial cell differentiation and development, proteolysis, and prostaglandin signaling and metabolism are discussed in detail. This study identified comprehensive transcriptome changes in porcine endometrium associated with establishment of pregnancy and could be a resource for targeted studies of genes and pathways potentially involved in regulation of this process.
INTRODUCTION
Establishment of pregnancy in mammals requires prolonged luteal life span for sustained progesterone (P4) production. P4 stimulates secretory functions of the endometrium required for conceptus development and implantation. Maternal recognition and establishment of pregnancy in pigs requires a biphasic pattern of estrogen secretion [1] . Porcine conceptuses secrete increased levels of estrogens, mainly 17b-estradiol (E2) on Days 11 and 12 and between Days 14 and 18 of pregnancy [1] . Between Days 11 and 12 of gestation, the porcine conceptus undergoes rapid differentiation and expansion of its trophoblastic membranes [2] [3] [4] . Concomitant with trophoblastic elongation, conceptus secretion of E2 increases [5] . The porcine corpus luteum (CL) does not display a luteolytic response to exogenous prostaglandin (PG) F2alpha until Day 12 of the estrous cycle [6] . The insensitivity of the early CL to exogenous PGF2a is associated with lower luteal PGF2a receptor concentration before Day 12 of the estrous cycle [7] . Concentrations of uterine E2 and estrone show a peak on Day 13 associated with increased uterine blood flow [8] . E2 action on the uterus elicits a change in the direction of PGF2a secretion from endocrine to exocrine, which results in sequestration of PGF2a within the uterine lumen and consequently prevents luteolysis [9] . This model has been modified with regard to the effects of conceptus and endometrial PGE2 secretion, which influences PG metabolism in favor of luteoprotective PGE2 [10, 11] . Endometrial PGE2 and luteolytic PGF2a are involved in reproductive processes in many species [12, 13] . It has been demonstrated that inhibition of PG synthesis before implantation causes pregnancy failure in different species, including the pig [12] .
Conceptus implantation and establishment of pregnancy is associated with up-regulation of a number of proinflammatory factors, including cytokines, growth factors, and lipid mediators [10, 11] . Inflammatory mediators produced by the conceptus such as interferon gamma (IFNG) and interferon delta (IFND), interleukin (IL) 1B and IL6, and PGs activate inflammatory pathways in the endometrium. In addition to PG metabolism and signaling, conceptus secretions also affect the lysophosphatidic acid lipid signaling system [10] . Systematic studies of transcriptome changes in porcine endometrium during the time of implantation (Day 14) have been performed with DNA microarrays [14] , and next-generation sequencing (NGS) [15] . Particularly in the NGS study, a huge number of differentially expressed genes (DEGs) have been identified in comparison to pregnancy and the corresponding stage of the estrous cycle. The majority of the genes found as up-regulated in pregnant endometrium were related to immune and inflammatory responses as a result of respective factors released from the conceptus. In the present study, the responses of the porcine endometrium to conceptus signals on Day 12 of pregnancy (i.e., the time of maternal recognition of pregnancy) was analyzed using RNA sequencing (RNA-Seq). Furthermore, the data obtained were compared to RNA-Seq data from Day 14 of pregnancy, and an integrated analysis of gene expression changes during these two distinct phases of early pregnancy in the pig was performed.
MATERIALS AND METHODS

Preparation of Animals and Collection of Endometrial Tissue Samples
Treatments of gilts were approved and performed with permission of the local authorities (District Government of Upper Bavaria). Experiments with gilts were performed in accordance with the International Guiding Principles for Biomedical Research Involving Animals as proposed by the Society for the Study of Reproduction, with the European Convention on Animal Experimentation, and with the German Animal Welfare Act.
Prepuberal gilts (crossbreeds of German Landrace and Piétrain) received a single injection with 750 IU of equine chorionic gonadotropin (Intergonan; MSD Animal Health Innovation GmbH) and, 72 h later, a single injection with 750 IU of human chorionic gonadotropin (hCG; Ovogest; MSD Animal Health Innovation GmbH) to synchronize ovulation. Gilts of the ''pregnant'' group were inseminated twice (24 and 36 h after hCG administration) with a standard dose of German Landrace semen, whereas gilts of the ''nonpregnant'' control group were inseminated with the supernatant of centrifuged (10 min, 3000 rpm at room temperature) semen from the same boar. Gilts were slaughtered on Day 12 after insemination. The uteri were removed, and each uterine horn was subsequently flushed first with 10 ml and then with 50 ml of PBS buffer to collect conceptuses and uterine fluid. After flushing, uterine horns were opened longitudinally at the antimesometrial side. In pregnant and nonpregnant gilts, samples of the endometrium (containing the lamina epithelialis, lamina propria, and tela submucosa, but not the tunica muscularis) were taken from three locations of each uterine horn: proximal (i.e., the end, close to the ovaries), medial, and distal (i.e., next to the corpus uteri). Tissue samples for isolation of RNA were immediately transferred to RNAlater (Ambion), incubated overnight at 48C, and stored at À808C until further use.
Isolation and Analysis of RNA
Total RNA was isolated from endometrium using TRIzol (Invitrogen) according to the manufacturer's recommendations. Purity (based ratios of absorbance at 260 nm and 280 nm and at 260 nm and 230 nm) and quantity of the obtained total RNA was measured by use of a NanoDrop ND-1000 (PEQLAB Biotechnologie GmbH). Integrity of the RNA was assessed by analysis on Agilent RNA Nano 6000 microfluidic chips with an Agilent 2100 Bioanalyzer (Agilent Technologies). RNA integrity numbers of individual samples ranged from 7.9 to 9.5.
Illumina RNA-Seq and Data Analysis
Equal amounts of total RNA from samples derived from proximal, medial, and distal endometrial sections of one uterine horn were pooled for each animal to reduce variation in the composition of collected endometrial tissue samples regarding different cell types. The mRNA-Seq8 sample preparation kit (order no.: RS-100-0801; Illumina, Inc.) was used for preparation of RNA-Seq libraries as described recently [15] . For each group (i.e., pregnant gilts and nonpregnant cyclic gilts), four RNA-Seq libraries were prepared corresponding to four animals. Sequencing of the libraries was conducted on a Genome Analyzer IIx system (Illumina). Single-end reads (76 bp) were generated using cBot single Read Cluster Generation kit (order no. GD-300-1001; Illumina) and 36 Cycle Sequencing Kit v4 (order no. FC-104-4002; Illumina). Each RNASeq library was analyzed on one lane of a single-read flow cell (total of eight lanes). The obtained sequence reads (Fastq files) were analyzed with a locally installed version of Galaxy [16] as described recently [15] . All steps from library preparation to analysis of sequence data were performed as previously described for the analysis of porcine endometrial tissue samples collected on Day 14 of pregnancy and the corresponding day of the estrous cycle [15] to have an optimal basis for comparison of the data sets. Direct comparison of obtained read counts for Day 12 and Day 14 was done by the use of the BioConductor package edgeR [17] according to the edgeR user's guide. The data discussed in the present publication have been deposited in National Center for Biotechnology Information (NCBI) Gene Expression Omnibus and are accessible through GEO Series accession number GSE48862.
Functional Interpretation of the Obtained Gene Expression Results
Integrated analysis of different functional databases was done using the Functional Annotation Clustering and Functional Annotation Charts tools of the Database for Annotation, Visualization, and Integrated Discovery (DAVID) [18] . Graphical illustration of overrepresented Gene Ontology (GO) terms and other functional categories was produced with the Cytoscape v3.0.0 application ClueGO v2.0.3 [19] . For characterization of the RNA-Seq data set and for comparison with related data sets, Gene Set Enrichment Analysis (GSEA) v2.07 [20] was used. For GSEA, all detectable genes were ranked based on a score calculated from the fold-change and the adjusted P-value. This preranked list was used for the analysis with the GSEA Preranked tool. Clustering of gene expression profiles for Days 12 and 14 of pregnancy and corresponding stages of the estrous cycle was performed with the self-organizing tree algorithm (SOTA; Pearson correlation, cell variability, P-value 0.0001) of Multi Experiment Viewer (MeV) v4.8.1 [21] based on mean-centered normalized log2 transformed read counts (normalized value of a sample minus mean of all normalized values). MeV was also used to illustrate the representation of functional categories in individual SOTA expression clusters. Frequencies (percentage of genes in relation to total number for all SOTA clusters) were imported and used for hierarchical clustering (Pearson correlation, complete linkage), illustrated as a single color gradient.
Quantitative Real-Time RT-PCR
The same RNA samples as used for RNA-Seq were used to measure relative gene expression by quantitative real-time RT-PCR (qPCR). The qPCR was performed as previously described [15, 22] . Gene-specific primers were designed with NCBI Primer-BLAST (Supplemental Table S1 ; all Supplemental Data are available online at www.biolreprod.org). Ubiquitin B (UBB); actin, beta (ACTB); 18S ribosomal RNA (RN18S); and glyceraldehyde-3-phosphate dehydrogenase (GAPDH) were tested as reference genes, which showed a foldchange of 61.1 (P . 0.46) in the RNA-Seq data. UBB, ACTB, and RN18S were selected as reference genes based on the results from the BestKeeper tool [23] . Relative expression levels of the selected target genes were calculated with the 2 ÀDDCT method [24] . The cycle threshold (C T ) values determined for the target genes were normalized against the geometric mean of the reference genes. All PCR fragments were analyzed on a DNA1000 LabChip (Agilent Technologies) to check amplification of a single product and sequenced to verify the obtained PCR product.
RESULTS
RNA-Seq and qPCR Validation for Day 12 of Pregnancy
The RNA-Seq resulted in from 31 000 000 to 37 000 000 raw reads and from 30 000 000 to 35 000 000 quality-filtered reads per sample. The correlation heat map of normalized read count data produced by the BioConductor package DEseq revealed good correlation of expression data within groups and low correlation between pregnant and control groups (Supplemental Fig. S1a) . At a false-discovery rate of 1%, a total of 2593 DEGs were obtained, 1335 with higher and 1258 with lower expression levels in the samples from pregnant gilts compared to the nonpregnant controls (see Volcano plot in Supplemental Fig. S1b ; for details, see Supplemental Table  S2 ). To get an indication for localization of expression of these genes, a search in the database from the Human Protein Atlas (HPA) project [25] 
DAVID Functional Annotation Clustering of DEGs for Day 12 of Pregnancy
The DEGs identified for Day 12 of pregnancy were first analyzed by DAVID Functional Annotation Clustering (Table 2 and Supplemental Table S3 ). For the genes with higher mRNA concentrations in pregnant endometrium (hereafter referred to as up-regulated), strongest overrepresentation was found for functional terms related to cell cycle and mitosis. Additional overrepresented functional terms were, for example, protein kinase activity, vesicle, peptidase activity, cell motility, apoptosis, angiogenesis, extracellular matrix, and signal transduction. The down-regulated genes showed higher functional variety. Therefore, fewer overrep- RNA-Seq OF PIG ENDOMETRIUM ON DAY 12 OF PREGNANCY resented functional terms were obtained (Table 2 and  Supplemental Table S3 ). Strongest enrichment was found for the categories cytoskeletal keratin, steroid and sterol biosynthetic process, transaminase activity, and icosanoid metabolic process.
Comparative GO Analysis of Up-and Down-Regulated Genes
To find specific overrepresented functional terms for upregulated and down-regulated genes, respectively, a comparative GO analysis was performed (Fig. 1) . The predominant group of functional terms specific for genes with higher expression in endometrium (Fig. 1 , nodes in red) at Day 12 of pregnancy was related to mitosis, cell cycle, and cell division. In addition, some immune function categories (Fig. 1, top left) as well as categories related to focal adhesion, vasculature development, and metabolism were found as specific for upregulated genes. Specific overrepresented functional terms for down-regulated genes were related to cholesterol biosynthesis, ion transport, intermediate filament cytoskeleton, and transamination (Fig. 1, bottom) .
Comparison to RNA-Seq Results for Day 14 of Pregnancy
The RNA-Seq data set obtained for Day 12 of pregnancy (all expressed genes) was then compared to DEGs obtained on Day 14 of pregnancy in porcine endometrium [15] and to DEGs identified in equine endometrium on Day 12 of pregnancy [26] using GSEA. This revealed a substantial overlap for genes up-regulated or down-regulated on Day 14 of pregnancy in porcine endometrium as indicated by enrichment of the DEGs toward the ends of the ranked data set for Day 12 (Supplemental Fig. S2 , left). Furthermore, moderate enrichment was found for genes up-regulated on Day 12 of pregnancy compared to the corresponding stage of the estrous cycle in equine endometrium (Supplemental Fig. S2, right) .
FIG. 1. Comparative GO analysis.
A comparative analysis of overrepresented functional categories was performed with the Cytoscape v3.0.0 application ClueGO v2.0.3. All significant genes (human Entrez Gene IDs) with at least 2-fold difference in transcript levels were used as input. For up-regulated genes, the threshold to have the same number of input genes was 2.18-fold. The following databases were used: GO subgroups biological process, cellular component, molecular function, and immune system process; KEGG; Reactome; and WikiPathways. The following ClueGO parameters were used: GO tree levels, 2-5 (first level ¼ 0); minimum number of genes, 5; minimum percentage of genes, 10; percentage for specific cluster, 66%; P-value correction, Benjamini-Hochberg, terms with P , 0.01, GO term fusion; GO term connection restriction (kappa score), 0.3; GO term grouping, initial group size of 3 and 50% for group merge. The resulting network was modified; that is, many redundant and noninformative terms were deleted and the network manually rearranged. Node size was adjusted relative to percentage associated genes. Edge line width was assigned in relation to the kappa score. Nodes were colored based on specificity: red for nodes specific for up-regulated genes, blue for nodes specific for down-regulated genes, and white for common nodes/categories.
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The comparison of the DEGs obtained for Day 12 and Day 14 of pregnancy was also done at the level of GO categories. Table 3 shows the results of this comparison of GO categories for down-regulated genes. Specific enrichment on Day 12 of pregnancy was found, for example, for intramolecular oxidoreductase activity, transposing C¼C bonds; peroxisome; intermediate filament cytoskeleton; and nucleoside metabolic process. Functional categories related to steroid, sterol, and lipid metabolic processes were overrepresented on both Day 12 and Day 14 of pregnancy. Functional terms such as extracellular matrix, endoplasmic reticulum part, solute:sodium symporter activity, and integrin-mediated signaling pathway were specifically enriched for genes down-regulated on Day 14 of pregnancy compared to the corresponding day of the estrous cycle. The comparison of GO categories for up-regulated genes is shown in Table 4 . Specific enrichment for Day 12 upregulated genes was observed for many categories related to mitosis and cell cycle, for metallopeptidase activity, and for regulation of blood vessel size. GO categories enriched for both Day 12 and Day 14 up-regulated genes were, for example, regulation of cell proliferation, cell death, cell migration, cysteine-type endopeptidase activity, response to cytokine stimulus, and endopeptidase inhibitor activity. Specific categories for Day 14 of pregnancy were mainly related to immune response, especially T cell differentiation, cytokine activity, cellular defense response, positive regulation of B cell activation, but also to some other categories, including integrin complex, regulation of transcription factor activity, and epidermal growth factor receptor signaling pathway.
Integrated Analysis of RNA-Seq Data for Days 12 and 14 of Pregnancy
The normalized and log2 transformed read count data for Day 12 and Day 14 of pregnancy and the corresponding controls were further analyzed with a multidimensional scaling (MDS) plot and a heat map of pairwise distances. The MDS plot revealed clear grouping of cyclic and pregnant samples but also for days of cycle and for days of pregnancy (Supplemental Fig. S3a ). The distribution of the samples in the plot showed that the distance between pregnant samples from different days is higher than the distance of pregnant and cyclic samples on the same day. Similar results were found using the distance heat map (Supplemental Fig. S3b ). Significance analysis between samples from Day 12 and Day 14 of pregnancy revealed more than 5000 DEGs (results not shown), which corresponds to the results of the MDS plot and the distance heat map.
A dynamic analysis of gene expression for Days 12 and 14 of pregnancy and the corresponding days of the estrous cycle was performed for those genes with significant differences between pregnancy and estrous cycle on Day 12, Day 14, or both. Normalized and log2 transformed mean-centered expression values of the 16 individual samples for these 3894 genes (Supplemental Table S4 ) were used for SOTA clustering. This analysis revealed nine clusters of similar expression profiles over the samples from Day 12 of the estrous cycle, Day 12 of pregnancy, Day 14 of the estrous cycle, and Day 14 of pregnancy (Fig. 2) . In Particular, clusters 1, 5, 6, and 9 contained genes up-or down-regulated genes on either Day 12 or Day 14 of pregnancy. The other clusters contained genes (Table 5) . Strong enrichment of functions related to defense response and inflammatory response was found for genes specifically upregulated on Day 14 of pregnancy (cluster 1). Almost a third of these genes are coding for proteins containing a signal peptide (i.e., are membrane or secretory proteins). Similar functional categories were enriched for cluster 2, which contained genes with highest expression on Day 14 and increased levels on Day 12. Genes with similar up-regulation on Days 12 and 14 of pregnancy were present in cluster 3. Overrepresented functional terms were, for example, calcium ion binding and peptidase activity. Cluster 4 contained genes with expression profiles similar to those of cluster 3 but with average lower expression levels on Day 14. Enriched terms were, for example, vesicle and cell motion. Cluster 5 consisted of genes up-regulated only on Day 12 of pregnancy. Highly overrepresented terms for this cluster were related to cell cycle and cell division. Cluster 6 corresponded to genes specifically downregulated on Day 12 of pregnancy. Only few annotation clusters were significantly enriched, containing terms such as peroxisome and vitamin binding. Clusters 7 and 8 were joined, because they showed similar expression profiles (downregulation on Days 12 and 14 of pregnancy) and similar overrepresented functional terms such as intermediate filament cytoskeleton, lipid biosynthetic process, and ion transport. In cluster 9, genes with lowest expression on Day 14 of pregnancy prevailed. Enriched functional categories were, for SAMBORSKI ET AL.
example, signal peptide, endoplasmic reticulum, and extracellular matrix. To find specific GO categories and Kyoto Encyclopedia of Genes and Genomes (KEGG) molecular pathways for the nine SOTA expression clusters, results of a DAVID GO chart analysis were compared. The representation for selected functional terms is shown in Figure 3 (for more details, see Supplemental Fig. S4 and Supplemental Table S5 ). Total numbers of assigned genes are shown in Figure 3b , and numbers normalized to the size of the respective cluster are shown in Figure 3c . Highly specific for genes up-regulated on Day 14 of pregnancy (cluster 1) were terms related to immune response, most specifically T cell activation. Terms specific for cluster 2 (highest on Day 14 of pregnancy and increased on Day 12) were, for example, B cell activation and cell junction organization. The term cysteine-type peptidase activity was specific for genes up-regulated on Days 12 and 14 of pregnancy (cluster 3). Highly specific functional terms were also found for the genes up-regulated on Day 12 of pregnancy (cluster 5), all related to mitosis. Specific functional categories for genes down-regulated in pregnant endometrium were, for example, intermediate filament cytoskeleton, sterol metabolic process, steroid metabolic process, and unsaturated fatty acid metabolic process.
DISCUSSION
The present transcriptome study investigated porcine endometrial tissue samples collected on Day 12 of pregnancy and the corresponding day of the estrous cycle. On Day 12 of gestation, conceptuses are already elongated but not attached to the uterine wall, and in contrast to Day 14, no implantation zones (hyperemic zones) are visible [27] . Therefore, samples for Day 12 were taken from three locations for each uterine horn: from the third near the tip, the middle third, and the third next to the corpus. Isolated RNA was pooled for the generation of sequencing libraries to reduce possible variation in tissue composition, which could arise from collection of the endometrial samples. The resulting RNA-Seq data were first analyzed in comparison of pregnant and cyclic samples. This revealed comprehensive transcriptome changes in response to the presence of elongated conceptuses. The number of DEGs was comparable to the results of our previous study performed on Day 14 of pregnancy [15] , in which endometrial samples were taken from implantation zones of pregnant gilts. The comparison of the data sets showed a substantial overlap of genes differentially expressed on Days 12 and 14 in comparison of samples from pregnant and cyclic gilts. In spite of this overlap, the results from MDS (comparable to principal component analysis) and a distance analysis revealed a greater distance between the samples from Day 12 and Day 14 of pregnancy compared to the distance between the corresponding Figure S1 of the present publication and to Figure 1 in Samborski et al. [15] , the IDs of the samples are, from left to right, D12_C004, D12_C006, D12_C007, D12_C011, D12_P003, D12_P008, D12_P010, D12_P012, D14_C902, D14_C912, D14_C916, D14_C917, D14_P903, D14_P909, D14_P915, and D14_P918. days of the estrous cycle. When comparing the genes with differential expression between the days of the estrous cycle to those between the days of pregnancy, many genes with similar changes from Day 12 to Day 14 of pregnancy compared to the corresponding days of the estrous cycle were found. This result agrees with findings from a proteomics study of uterine secretions from Days 10 and 13 of the estrous cycle and pregnancy [28] , in which those authors found more differences in protein amounts over time than in dependence of pregnancy status. In addition to the genes differentially expressed between Day 12 and Day 14, many genes were found as differentially expressed in response to conceptus signals, explaining the observed greater distance between days of pregnancy compared to days of the estrous cycle. The data obtained for Day 12 was also compared to the results obtained for Day 14 at different levels of data analysis to find genes and gene functions specifically associated with these two distinct stages of early pregnancy: maternal recognition of pregnancy and initiation of implantation.
RNA-Seq OF PIG ENDOMETRIUM ON DAY 12 OF PREGNANCY
Mitosis-Related Genes Are Specifically Up-Regulated in Endometrium on Day 12 of Pregnancy
For the genes with increased expression only on Day 12 of pregnancy (cluster 5), specific and highly significant overrepresentation of functional categories related to mitosis and cell cycle was found. Relatively low numbers of read counts were obtained for typical cell cycle-related genes, indicating rather low expression, which could be due to expression in specific endometrial cell types. The average expression difference (fold-change) for these genes was 4-fold for Day 12 of pregnancy versus Day 12 of the estrous cycle. These results agree with two immunohistochemical studies of Ki-67 expression (marker for cell proliferation; official name, antigen identified by monoclonal antibody Ki-67 [MKI67]) in porcine endometrium during the estrous cycle and early pregnancy [29, 30] . Highest numbers of Ki-67-immunopositive cells were found in glandular epithelial cells during early diestrus and on Day 3 of pregnancy, respectively. During diestrus, Ki-67-positive cells were only found in the stroma [29] , whereas on Day 11 of pregnancy, Ki-67-positive cells were also found in glandular epithelium [30] . Overall, the same pattern of proliferative activity has been found for the analyzed days of pregnancy and the corresponding days of the estrous cycle, but with higher activity in pregnancy [30] . The specific proliferative activity in glandular epithelium on Day 11 of pregnancy could be the effect of conceptus estrogen, because expression of estrogen receptor 1 protein was highest in deep and superficial uterine glands on Day 11 [30] . The findings from the literature and the results of the present study suggest increased endometrial cell proliferation in response to conceptus signaling localized to the glandular epithelium.
In an in vitro study, positive effects of the protease inhibitors secretory leukocyte peptidase inhibitor (SLPI) and plasmin trypsin inhibitor (UPTI) on proliferation of primary cultures of glandular epithelial cells isolated from early pregnant (Day 12) porcine endometrium have been found [31] . The genes coding for these peptidase inhibitors were found to be differentially expressed on Days 12 and 14 of pregnancy. However, expression of SLPI mRNA was highest in endometria from Day 14 of pregnancy, with Day 14 of pregnancy (D14P) . Day 12 of pregnancy (D12P) . Day 14 of the estrous cycle (D14C) . Day 12 of estrous cycle (D12C) (cluster 2). Expression of UPTI mRNA was lower in endometrium on Days 12 and 14 of pregnancy compared to the cyclic controls (cluster 7). The patterns of mRNA expression of these two peptidase inhibitors do not support a function in positive regulation of mitosis on Day 12 of pregnancy.
A number of growth factor and growth factor receptor genes were also found to have increased expression in pregnant endometrium, including fibroblast growth factor 7 (FGF7), RNA-Seq OF PIG ENDOMETRIUM ON DAY 12 OF PREGNANCY fibroblast growth factor 9 (FGF9), hepatocyte growth factor (hepapoietin A; scatter factor; HGF; adjusted P-value ¼ 0.058), and met proto-oncogene (hepatocyte growth factor receptor; MET). In contrast to other mammals, expression of FGF7 and FGF9 has been localized to the luminal epithelium in the pig [14, 32] . Furthermore, the concentration of mRNAs for fibroblast growth factor receptors 3 and 4 (FGFR3 and FGFR4, respectively) was decreased in pregnant endometrium, and FGFR2 was detected in porcine endometrial samples but was similar for Days 12 and 14 of both pregnancy and the estrous cycle. Altogether, this does not support a regulatory role for fibroblast growth factors in endometrial cell proliferation. More likely, MET and HGF could be involved in regulation of endometrial glandular cell proliferation. HGF expression has been found in stromal cells and MET expression in luminal and glandular epithelial cells in ovine, murine, and human endometrium [33] [34] [35] . In a previous study with the mouse, correlation of MET and MKI67 expression patterns was found in the endometrium [35] , indicating a role in cyclic endometrial remodeling and cell proliferation. A direct or indirect regulation of MET by E2 is indicated by decreased expression of MET on Day 13 of pregnancy after premature estrogen exposure [36] .
In summary, increased cell proliferation likely occurs in glandular epithelium in response to E2 mediated by growth factors and growth factor receptors such as HGF and MET. The function of increased glandular cell proliferation could be to enhance secretion of nutrients and growth factors for support of conceptus development and regulation of conceptus implantation.
Genes Related to Immune Response
The functional category of immune response was highly overrepresented for genes specifically up-regulated on Day 14 of pregnancy (cluster 1). As discussed recently, most of the immune-related terms were related to activation of cellular immune response [15] . In contrast to Day 12 of pregnancy, a particularly high overrepresentation of genes associated with T cell differentiation and selection was found for genes specifically up-regulated on Day 14 of pregnancy. This agrees with the results of a recent study of pig endometrial immune cells, where endometrial total T, T cytotoxic, and T helper cells were found in peak numbers during the attachment phase of implantation [37] . Genes of cluster 1 contained many mRNAs coding for typical T cell markers with specific up-regulation in endometrium on Day 14 of pregnancy and lower but similar expression for Day 12 pregnant and cyclic endometrium, including CD2 molecule (CD2), CD3D, CD3E, CD3G, CD4, CD8A, CD8B, zeta-chain (TCR) associated protein kinase 70kDa (ZAP70), and T cell receptor associated transmembrane adaptor 1 (TRAT1). In addition, the enrichment of functional categories of B cell activation, natural killer cell mediated cytotoxicity, and myeloid cell differentiation also indicate increased numbers of other immune cells in the endometrium on Day 14 of pregnancy. For a number of immune response genes, increased expression was already seen on Day 12 of pregnancy, with highest levels on Day 14 (in cluster 2). Most genes of the category B cell activation were found in cluster 2. This indicates the beginning of pregnancy-induced immune cell infiltration as early as Day 12. The results of studies of immune cell subtypes and changes in localization of immune cells in porcine endometrium in response to the attaching conceptus underline the regulatory role of immune cells for formation of the epitheliochorial placenta [37] [38] [39] , which is further supported by similar findings in ruminants, humans, and mice [40] [41] [42] . In addition, the present study provides a comprehensive list of genes potentially involved in attraction and regulation of immune cells such as cytokines, including chemokines and specific cell adhesion molecules. Up-regulation of genes coding for adhesion molecules of the intercellular adhesion molecule (ICAM) family and integrin family and of cell adhesion molecule 1 (CADM1), selectin P ligand (SELPLG), and vascular cell adhesion molecule 1 (VCAM1) is probably involved in attraction and immigration of immune cells, but it could also play a role for attachment of trophoblast cells to the uterine luminal epithelial cells. For example, increased expression of ICAM1 and ICAM2 has been found after treatment of human endometrial cells with IFNG [43] .
A number of genes assigned to negative regulation of immune system process were also found in SOTA clusters 1 and 2 (highest expression on Day 14 of pregnancy). Some of these genes are probably involved in modulation of the maternal immune system to protect the fetal allograft. For example, inducible T-cell costimulator (ICOS) and inducible T-cell costimulator ligand (ICOSLG) play a role in regulation of endometrial T cells [44] . Furthermore, a number of genes known as markers for regulatory T (Treg) cells [45] were found to be up-regulated in pregnant pig endometrium, including tumor necrosis factor receptor superfamily, member 4 (TNFRSF4) and cytotoxic T-lymphocyte-associated protein 4 (CTLA4). In particular, CTLA4 is known to negatively regulate activated effector T cells and to be essential for the function of Treg cells [46] . For both genes, no reads were obtained in most of the samples from Day 12 of pregnancy or Days 12 and 14 of the estrous cycle, indicating the appearance of Treg cells between Days 12 and 14 of pregnancy in the porcine endometrium. Based on the presence of Treg cells in the human decidua, an important role in protection of the fetus from alloreactive immune responses has been suggested [45] , and a similar role can be postulated in the pig.
Genes Related to Epithelial Cell Differentiation and Development
The bioinformatics analysis of the obtained DEG revealed an overrepresentation of functional categories related to epithelial cell differentiation for genes with lower expression in pregnant endometrium, particularly on Day 12. Genes coding for cytokeratins, which are constituents of intermediate filaments, a primary determinant of epithelial cell shape [47] , were found to be highly overrepresented. By far, highest expression was found for keratin genes 8, 18, and 19 (KRT8, KRT18, and KRT19, respectively) in cyclic and pregnant porcine endometrium. In human endometrial epithelial cells, KRT8, KRT18, and KRT19 have been detected by twodimensional gel electrophoresis and immunofluorescence microscopy [48] . Based on the HPA database, expression of KRT8, KRT18, and KRT19 protein is high in glandular epithelial cells. Expression of all three keratin genes is decreased in pregnant endometrium on Days 12 and 14. In the goat, loss of expression of KRT8, KRT18, and KRT19 protein has been shown in uterine epithelial cells in contact with the trophoblast at the beginning of implantation (Day 18) [49] . Only one keratin gene, KRT23, showed higher expression in pregnant endometrium, being specifically up-regulated on Day 12 of pregnancy (60-fold in comparison to cyclic endometrium) and almost undetectable at the other investigated stages. The function in the endometrium is not known. So far, KRT23 has been described only in context of tumor cells and has been suggested to have a tumor suppressive function [50] . All of the other 25 cytokeratin genes were found to have decreased expression in pregnant porcine endometrium, particularly on Day 12. The observed down-regulation and the fact that distinct keratin classes are associated with different types of epithelia and the status of differentiation [51] indicate a change in the differentiation state and the shape of epithelial cells in pregnant endometrium during the preattachment phase. In addition, the genes envoplakin (EVPL), periplakin (PPL), uroplakin 1B (UPK1B), uroplakin 3A (UPK3A), and uroplakin 3B-like (UPK3BL), which are probably also associated with epithelial cell differentiation and epithelial barrier formation [52, 53] , showed decreased expression in pregnant porcine endometrium. Based on the HPA database, envoplakin and periplakin are highly expressed in uterine epithelial cells. Another gene that could be involved in regulation of epithelial cell differentiation, because it has been implicated in epithelialstromal interaction [54] , is epithelial stromal interaction 1 (EPSTI1), which was 2-fold lower in pregnant endometrium on Day 12 and 6-fold higher on Day 14. In bovine endometrium, increased expression of EPSTI1 was found on Day 18 of pregnancy [55, 56] , indicating stimulation by interferon tau in cattle and IFND in the pig. Altogether, the observed differential RNA-Seq OF PIG ENDOMETRIUM ON DAY 12 OF PREGNANCY expression of genes related to epithelial cell differentiation and intermediate filaments could be related to preparation of conceptus attachment and initiation of epitheliochorial placentation in response to embryonic signals.
Genes Associated with Proteolysis
The functional category of metallopeptidase activity was significantly overrepresented for the genes with increased mRNA concentrations on Day 12 of pregnancy. However, related genes were also found to be up-regulated on Day 14 of pregnancy and to be down-regulated on Day 12 and/or Day 14 pregnancy endometrium. The genes assigned to metallopeptidase activity represented a number of different classes of metallopeptidases. Most prominent were members of the ADAM metallopeptidase domain family (up-regulated: ADAM8, ADAM9, ADAM10, ADAM11, and ADAM12), the ADAM metallopeptidase with thrombospondin type 1 motif family (down-regulated: ADAMTS1; up-regulated: ADAMTS3, ADAMTS5, ADAMTS7, and ADAMTS20), and the matrix metallopeptidase family (down-regulated: MMP8, MMP11, and MMP14; up-regulated: MMP7, MMP12, and MMP13). Based on the read count data, ADAMTS1; MMP14; CNDP2 (CNDP dipeptidase 2 [metallopeptidase M20 family]); leucine aminopeptidase 3 (LAP3); meprin A, beta (MEP1B); and TIMP metallopeptidase inhibitor 2 (TIMP2) showed the highest expression in porcine endometrium. For some of these genes, endometrial expression has been found in different species.
For ADAM9, up-regulation in rabbit endometrial epithelial cells apposed to blastocysts at implantation sites has been found and a critical role for cellular interactions during blastocyst implantation suggested [57] . An in situ hybridization study in bovine endometrium showed localization of ADAMTS1 mRNA mainly in uterine luminal epithelial and stromal cells during the estrous cycle and peri-implantation period [58] , indicating a role in regulation of conceptus attachment as well. Expression of ADAMTS5 in human endometrium has been found to be restricted to decidualized stromal cells and regulated by cytokines-for example, by IL1B, which increased expression of ADAMTS5 in vitro [59] . Expression of MMP8 has been shown in granules of neutrophils [60] . The strong decrease of expression in porcine endometrium on Day 14 of pregnancy (from an average of 360 to only 1-16 read counts per sample) could indicate that neutrophils disappear during this stage of pregnancy. In line with this finding, high numbers of neutrophils in the first days after insemination, but very low numbers or no neutrophils on Days 11 and 19 of pregnancy, have been found in a study of immune cells in porcine endometrium during early pregnancy [61] . Also in agreement with the findings of Kaeoket et al. [61] , MMP12, coding for a macrophage-specific elastase [62] , showed increased expression on Days 12 and 14 of pregnancy but was almost undetectable in cyclic endometrium (0-4 read counts per sample). Together with increased levels of CD14, which codes for a surface marker of monocytes/macrophages, this could indicate a pregnancy-associated increase in numbers of macrophage cells. In humans and mice, endometrial macrophages have been suggested to function in tissue and vascular remodeling during placentation [63] . MMP14 protein expression has been shown in bovine luminal epithelium. Regulation of MMP14 mRNA expression has been found during the estrous cycle, with highest expression from estrus to the early luteal phase [64] . Furthermore, a study in human endometrium indicated that the membrane-type MMP, MMP14, is involved in mucin 1 (MUC1) shedding from the surface of uterine epithelial cells at blastocyst attachment sites [65] , suggesting a role in embryo attachment and implantation. For MMP7, decreased transcript levels found in human endometrial biopsy samples have been shown to be associated with implantation failure [66] . In porcine endometrium, MMP7 expression is highest in pregnant endometrium (D12P . D14P . D12C ¼ D14C) and probably localized in glandular cells based on the HPA database. Increased expression of MMP13 has also been found in the mouse during the peri-implantation phase [67] . Up-regulation of TIMP2, encoding an inhibitor of matrix metallopeptidases, was found on Day 12 of pregnancy in the present study. TIMP2 mRNA regulation during the estrous cycle and during the time of conceptus elongation with increased expression at diestrus and Days 15 and 18 of pregnancy has been found in bovine endometrium [64] . TIMP2 protein was found in substantial amounts in uterine fluid on Days 15 and 18 of pregnancy and the estrous cycle in cattle [64] . In the present study, TIMP2 mRNA concentration was higher on Day 12 of pregnancy compared to cyclic endometrium but was not different on Day 14 (D12P ¼ D14P ¼ D14C . D12C). For MEP1B, which codes for the plasma membrane-bound meprin A, beta subunit, regulation of mRNA expression during the estrous cycle has been found in bovine endometrium, with highest expression during diestrus [68] . In situ hybridization revealed that MEP1B expression in bovine endometrium localized to superficial and deep glandular epithelium [69] . Furthermore, a number of membranebound and secreted peptidases were found as differentially expressed in porcine endometrium, which could play a role in activation or metabolism of peptide hormones controlling endometrial functions and in immune functions [70, 71] . Altogether, the present study identified more than 50 various peptidases likely to be involved in endometrial and vascular remodeling to prepare for initiation of placentation and in conceptus development. This complex of genes/proteins needs further detailed investigations to understand the role during the preimplantation phase in the pig.
Prostaglandin Signaling and Metabolism
Regulation of PG signaling and metabolism plays an important role for recognition of pregnancy and conceptus development in the pig [11] . A number of genes involved in metabolism of PGs or potential precursor molecules were identified as differentially expressed on Days 12 and 14 of pregnancy in porcine endometrium [72] . A schematic overview is shown in Figure 4 . The expression of PG-endoperoxide synthase 1 (PG G/H synthase and cyclooxygenase; PTGS1) and PTGS2, coding for two enzymes catalyzing the synthesis of PGH2 from arachidonic acid, was also found as differential in comparison of pregnant and cyclic porcine endometrium. Expression of PTGS1 was almost 10-fold lower than that of PTGS2. Endometrial mRNA concentration of PTGS1 was higher in pregnant samples with highest levels on Day 14 of pregnancy (D14P . D12P . D14C . D12C, cluster 2). In contrast, highest expression of PTGS2 was found on Day 14 of the estrous cycle (cluster 7), indicating down-regulation by pregnancy. Overall, this observed expression pattern is in agreement with the results of a recent study by Ashworth et al. [73] . Expression of PTGS1 and PTGS2 proteins has been localized to luminal and glandular epithelium and stromal cells [74] . Peak expression in Day 12 pregnant endometrium was found for the PGF synthase aldo-keto reductase family 1, member B1 (aldose reductase; AKR1B1) (D12P . D12C . D14P . D14C, cluster 5), with 145-fold higher expression on Day 12 of pregnancy compared to Day 14 of the estrous cycle. Ross et al. [36] found specific expression of AKR1B1 mRNA SAMBORSKI ET AL.
on Days 12 and 13 of pregnancy in the luminal epithelium, with strongest signals on Day 13. Together with the localization of AKR1B1 expression, specific and strong upregulation during the time of maternal recognition of pregnancy suggests that AKR1B1 could be involved in the endocrine-to-exocrine change in the direction of PGF2a secretion [9] . In contrast, expression of PGE synthase (PTGES) was relatively low and decreased in pregnant endometrium, particularly on Day 12. All these findings are, in part, contrary to recent results from in vitro studies using endometrial tissue explants derived from Day 11 to Day 12 of the estrous cycle and pregnancy [75] . Only the expression of PGE receptor 2 (subtype EP2), 53-kDa gene (PTGER2) was found to be upregulated on Day 12 of pregnancy compared to Day 12 of the estrous cycle (adjusted P-value ¼ 0.051), in agreement with the results of the study on tissue explants. Expression of hydroxyprostaglandin dehydrogenase 15-(NAD) (HPGD), a gene involved in PG catabolism [76] , was decreased in pregnant pig endometrium, with lowest levels on Day 12 of pregnancy. In cattle, localization of HPGD protein has been found mainly in glandular epithelium, with highest expression during the late luteal phase [77] . Based on the HPA database, HPGD is expressed in glandular, stromal, and decidual cells in human endometrium.
In line with the main hypothesis for the mechanism of maternal recognition of pregnancy in the pig, the change from endocrine-to-exocrine secretion of PGF2a, is the differential expression of a number of genes coding for potential PG transporters [78] . Two genes of the organic anion transporter (OATP) family-namely, solute carrier organic anion transporter family, member 4C1 (SLCO4C1) and solute carrier organic anion transporter family, member 5A1 (SLCO5A1)-were found to be up-regulated. Expression of SLCO4C1 was increased on Days 12 and 14 of pregnancy (D14P . D12P . D14C ¼ D12C, cluster 2). SLCO5A1 showed an expression profile similar to that of AKR1B1, with peak expression on Day 12 of pregnancy (cluster 5). No or only two reads, respectively, were found for the cyclic control samples. According to the HPA database, SLCO4C1 protein is expressed in glandular and SLCO5A1 in glandular and luminal epithelial cells. Furthermore, two genes coding for members of the multidrug resistance-associated protein (MRP) family showed increased expression in endometrial samples from Days 12 and 14 of pregnancy: ATP-binding cassette, subfamily C (CFTR/MRP), member 1 (ABCC1) and ATP-binding cassette, subfamily C (CFTR/MRP), member 9 (ABCC9) (cluster 3), which could also be involved in PG and steroid transport [79] .
Similar to findings in domestic ruminants, the expression of oxytocin receptor gene (OXTR) was found to be downregulated in pregnant endometrium compared to the corresponding stage of the estrous cycle (D14C . D14P ¼ D12C . D12P, cluster 7), suggesting a lower sensitivity to oxytocin in pregnant endometrium. A number of studies with, in part, contradictory results have been performed to analyze OXTR mRNA and OXTR protein expression in porcine endometrium during the estrous cycle and early pregnancy. The observed down-regulation of OXTR mRNA in pregnant endometrium is in line with results of a recent study where OXTR protein was undetectable on Days 14-16 of pregnancy but detectable in the corresponding cyclic control samples [80] .
The different approaches for the analysis of overrepresented functional categories all revealed specific enrichment of categories such as lipid metabolic process, lipid biosynthetic process, icosanoid metabolic process, or biosynthesis of unsaturated fatty acids for down-regulated genes. A number of these genes are involved in the generation of precursors for PG synthesis such as long unsaturated fatty acids or the release of arachidonic acid from membrane phospholipids (see also Samborski et al. [15] ). For example, expression of phospholipase A2, group IVA (cytosolic, calcium-dependent) (PLA2-G4A), which encodes a key enzyme for the hydrolysis of arachidonic acid from membrane-bound phospholipids (see RNA-Seq OF PIG ENDOMETRIUM ON DAY 12 OF PREGNANCY of the phospholipase A2 family listed in the KEGG pathway arachidonic acid metabolism for the hydrolysis of phospholipids and phospholipase B1 (PLB1) were also differentially expressed in porcine endometrium. Three of the additional phospholipase A2 genes (PLA2G3, PLA2G4B, and PLA2G6) and PLB1 were down-regulated in pregnant endometrium. Only PLA2G2D showed increased expression on Day 14 of pregnancy and was almost undetectable in porcine endometrium at the other stages. For this secretory phospholipase A2, induction by IFNG [85] and preferential expression in dendritic cells and macrophages [86] have been shown, indicating infiltrating immune cells. Furthermore, several genes involved in the synthesis of long unsaturated fatty acids were found to be down-regulated in pregnant endometrium. One of the products of this pathway is arachidonic acid.
In summary, the observed changes in the expression of genes involved in PG metabolism and signaling support endocrine-to-exocrine change of PGF secretion as the mechanism for prevention of luteolysis (see Fig. 4 for a schematic overview). This is supported by the up-regulation of AKR1B1, which is specifically expressed in the luminal epithelium [36] , and the up-regulation of potential PG transporters. The differential expression found for PTGS1 and PTGS2 and the down-regulation of HPGD in pregnant endometrium do not indicate decreased PG production or increased catabolism, respectively. The decreased expression of genes coding for key enzymes for the generation of PG precursor molecules, particularly on Day 14 in pregnant endometrium, suggests a general down-regulation of PG production, which could contribute to the prevention of PGF2a release to the circulation.
In conclusion, the present study and the comparison to our previous study on Day 14 of pregnancy identified comprehensive transcriptome changes in porcine endometrium associated with maternal recognition of pregnancy and initiation of implantation. Bioinformatics analysis of differentially expressed genes in the endometrium revealed a number of biological processes and pathways potentially involved in establishment of pregnancy in the pig, most noticeably cell proliferation, regulation of immune response, epithelial cell differentiation and development, proteolysis, and PG signaling and metabolism. One limitation of the present study is surely the analysis of complete endometrial tissues, because the composition of the endometrium is complex and dynamic. This has to be considered for the interpretation of the identified gene expression changes, which could be located in different cell types and could be affected by the mixture of cell types or result from infiltrating cells such as immune cells. Nevertheless, the gene expression data generated in the present study represent a rich resource for further targeted studies of genes and pathways potentially involved in the regulation of this process.
